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A relatively simple experimental technique was developed to measure 
alternating current (ac) loss in superconductors. The superconducting specimen 
was prepared using the solid state reaction method. The effect of electromagnetic 
radiation on the ac losses was also determined. It was found that the interaction 
between electromagnetic radiation and the superconductor increases ac loss. The 
enhancement of ac loss was explained on the basis of the generation of additional 
charge carriers and their interaction with the lattice. A current-voltage relationship 
was found by passing an ac current through the sample and measuring the resulting 
voltage drop. Further, an experiment was performed to investigate the intensity 
dependence of ac loss. The ac loss was found to increase linearly as the intensity 
of laser radiation was increased. This resulted from photon absorption and due to 
an increase of the number of quasi-particles.
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In 1911, H. Kamerlingh Onnes discovered superconductivity in 
mercury at about 4K. Superconductivity is defined as the property of a 
material to lose its resistivity by undergoing an electronic phase 
transformation at low temperatures. The temperature at which a material 
passes from the normal to the superconducting state is known as the transition 
or critical temperature (Tc). Superconductors behave like ordinary 
conductors above Tc but have zero resistance below the Tc.
Superconductivity occurs because a material has less energy in its 
superconducting state than in its normal state. The theory of 
superconductivity developed in the 1950's provided an explanation for this 
lower energy state. Leon Cooper took a significant step in developing the 
theory of superconductivity in 1956 by calculating what happens when two 
electrons are added to a metal in the presence of an attractive interaction. He 
was successful in showing that, in the presence of such an attractive 
interaction, no matter how weak, two electrons that are added to the Fermi 
sea will form a bound pair. In 1957, the BCS theory, named after its 
discoverers, Bardeen, Cooper, and Schreiffer, explained the mechanisms of 
superconductivity. This theory proposes that electron pairs (Cooper pairs) 
form due to phonon mediation. As an electron pair moves through the lattice,
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it produces a wake. By following in this wake, other paired electrons are 
able to avoid collisions as they move through the lattice. However, the BCS 
theory does not adequately explain superconductivity in the present oxide, 
high-Tc superconductors [1]. In low- Tc superconductors, the mechanism for 
pair formation is electron-phonon interaction, but other mechanisms 
involving polarons or excitons may also be responsible for superconductivity 
in high-Tc materials. Many other theories exist to account for the high 
transition temperatures of oxide superconductors. While most theories are 
based on pairing, they differ on the origin of the attractive interaction that 
gives rise to the pairs and on the strength of the pairs. Observed isotope 
effects indicate that phonons play a role, but additional mechanisms are 
necessary to account for high-Tc superconductivity. It has also been 
suggested that bosons in addition to phonons may be responsible for the 
attractive interaction between electrons [2].
Before 1986, superconductivity was found only at extremely low 
temperatures (< 24K). With the discovery of high-Tc superconductivity in 
copper oxide materials in 1986 [3], applications in various fields, e.g. 
computer chips and other electronic devices, are emerging. Presently, three 
types of high-Tc superconductors (HTS) with the Tc > 77K have shown 
commercial potential. In early 1987, Wu et al. [4] discovered 
superconductivity in YBa2Cu3O7_§ at a Tc of 92K. In early 1988, a
bismuth-based compound, Bi2Sr2Ca2Cu3Ox, was discovered to be a 
superconductor at a Tc of 11 OK [5], was followed soon after by the discovery 
of a Tl-Ba-Ca-Cu-0 compound with a Tc of 125K [6], These oxide 
superconductors allowed the operating temperature of potential 
superconducting devices to increase from liquid helium to liquid nitrogen
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temperature. This reduces refrigeration costs by several orders of magnitude. 
In fact, it can lead to a much wider use of superconducting electronic devices 
in various fields of science, technology, and industry.
There are many applications of superconductors. The major 
applications can be categorized as small volume, such as electronic and 
optoelectronic applications, and large volume, which are related to the 
transmission lines, motors, and generators.
Electronics can be classified into two types: digital and analog. 
Superconductive electronics can meet the demands of both digital and analog 
technologies. A large number of applications of superconductors are based 
on the properties of Josephson junctions [7]. By changing the critical current 
of a junction, for example, it can be used as a switch. This switching and the 
hysteretic nature of the I-V characteristic of the junction can be utilized as 
both logic and memory elements for digital applications. The junctions can 
also be used to detect electromagnetic radiation over a broad range of 
frequencies.
Superconductors are found in two distinct types of high power 
applications: as conductors for magnets or power transmission and as high- 
power microwave cavities for accelerators or microwave energy storage. 
Superconducting magnets could provide high fields that are not possible to 
obtain with conventional conductors. The energy that is stored in a magnetic 
field is quite considerable. Superconducting magnetic energy storage 
(SMES) devices can store energy for long periods with virtually no loss [8] 
and could serve as magnetic batteries, supplying and storing electrical energy
4
for various purposes. One of the most significant uses of superconducting 
magnets is in transportation systems featuring magnetically levitated vehicles.
The development of superconducting devices requires an 
understanding of two major problems - ac resistance or loss and the current 
carrying capacity. The former is the theme of this thesis.
Electricity, or an electrical current, is the movement of electrons 
through a material. Ordinary materials resist the flow of electricity to varying 
extents. Even extremely good conductors such as Cu, Ag, and Au consume 
some amount of energy during the flow of current. Because some energy is 
used up to overcome the resistance it requires a voltage to sustain a current. 
The resistance arises when the lattice scatters electrons, causing them to lose 
their motion in a conductor, which results in the heating of the conductor 
(Joule heating). On the other hand, no energy is needed to sustain current 
flow in a superconductor. Its electrical resistance is zero below the Tc. This 
means that the voltage drop across the superconductor is zero when a current 
is passed through it. Ideally, no power should be dissipated as a result of the 
passage of current. Yet, this zero resistance property of superconductors is 
true only for a dc current. If the current changes, an electric field will 
develop and some power will be dissipated. This dissipative power per 
specimen cross-sectional area is termed ac loss. This resistance or ac loss is 
frequency and temperature dependent. In fact, the higher the frequency of the 
ac current, the higher the resistance of the superconductor. At low 
frequencies, losses are primarily due to flux creep (see Appendix A for 
details), hysteresis, and related magnetic phenomena. At microwave 
frequencies, surface resistance increases by the square of frequency. As
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frequency approaches the optical range, the superconductor gradually loses 
its superconducting properties.
The current carrying capacity of most HTS films is around 10^ 
A/cm?. For applications such as power transmission lines, current limiters, 
etc., the required critical current density at 77K should be of an order of 10^- 
1()6 A/cm?. Amongst the three high-Tc copper oxide superconductors, the 
YBa2Cu3O7_5 (also called 123) superconductor appears to be the most 
promising for immediate applications. This compound exhibits less flux 
creep effect than the other two material systems, which implies that it is more 
stable with respect to supercurrent under a magnetic field. The theoretical 
upper value of the critical current density (Jc) is 2.3x10^ A/cm? at 0°K, 
based on the calculated value from the Ginzburg-Landau equation [9], After 
applying a magnetic field of 1 tesla, this value decreases to 2.7x10? A/cm? at 
the liquid nitrogen temperature. For practical applications, a Jc of about 10^ 
A/cm? at 77K and a field of 5 tesla [10] is required. The techniques for 
shaping superconducting materials in useful forms, such as wires, tapes, or 
films, need to be developed and refined so as to improve the critical current 
density.
The purpose of this thesis is to develop an experimental technique 
to measure ac loss in superconductors and to assess the effect of the electro­
magnetic radiation associated with the measurement of ac loss.
The thesis consists of seven chapters. Chapter II provides a 
background review of the various properties of superconductors. This 
includes the basic phenomenon of superconductivity, the relevant properties 
of ac the loss mechanisms, and the optical and optoelectronic properties of
6
superconductors. Chapter III states the problem of this thesis work. The 
development of the ac loss measurement technique is presented in chapter IV. 
This chapter also includes a discussion of superconducting specimen 
preparation technique and the effect of electromagnetic radiation on ac loss. 
Chapter V explains the results of ac loss measurement as well as the effect of 
electromagnetic radiation and the intensity dependence of the ac loss of 
superconductors. Next, chapter VI presents a discussion pertaining to the 




This chapter reviews previous works on the various properties relevant to ac 
loss and the electromagnetic effects of superconductors. It begins with a 
discussion of the basic phenomenon of superconductivity. Subsequent topics 
include the two-fluid model, electrodynamic properties, ac loss mechanisms, 
surface resistance, and optical and optoelectronic properties. All these topics 
complement this thesis' focus on the origin and measurement of ac losses.
2.1 Basic Phenomenon of Superconductivity
(A) Normal State
In general the electrical resistivity of metals and alloys decreases when they 
are cooled below a certain temperature. The current in a metal or alloy conductor 
is carried by "conduction electrons" or "free electrons" which move freely through 
the material. Electrons behave like a wave; an electron traveling through a metal 
can be represented as a plane wave progressing in the direction of the wave. 
Usually, a metal has a crystalline structure with its atoms lying on a regular 
repetitive lattice. It is a property of a plane wave that it can pass through a 
perfectly periodic structure without being scattered in many directions. Thus, an 
electron is able to pass through a perfect crystal without any loss of momentum in
7
8
its original direction [11]. This implies that if, in a perfect crystal, a current is 
flowing, the current will experience no resistance. However, any disarray in the 
periodicity of the crystal will scatter the electron wave and introduce some 
resistance. There are two effects which can disorder the perfect periodicity of a 
crystal lattice and so introduce resistance. At temperatures above or even at 
absolute zero, atoms vibrate and are displaced by various degrees from their 
equilibrium positions. Also, randomly-distributed foreign or other defects can 
interrupt perfect periodicity. Both the thermal vibrations and any impurities or 
imperfections scatter the moving conduction electrons and give rise to electrical 
resistance.
However, as the temperature is lowered, the thermal vibrations of the atoms 
decrease and the conduction electrons are less scattered. The decrease of 
resistance is linear until the temperature is equal to about one-third of the 
characteristic Debye temperature (0D) of the material. However, as the 
temeperature falls below the Debye temperature, the resistance decreases less 
rapidly, as is shown in Figure 2.1. For a pure metal, where electron motion is 
impeded only by the thermal vibrations of the lattice, resistivity should approach 
zero as the temperature is reduced to 0°K. This zero resistance, which a 
completely pure specimen would acquire if it could be cooled to absolute zero, is 
not a phenomenon of superconductivity. Any real specimen of conductor cannot 
be completely pure but will contain some defects. Therefore, the electrons, in 
addition to being scattered by the thermal vibrations of the lattice atoms, are also 
scattered by impurities; this impurity scattering is more or less independent of 
temperature near the absolute zero. As a result, there is a certain "residual 










Temperature — ■ —
H>
Figure 2.1 Variation of resistance of metals with temperature
(B) Superconducting State
Certain elements and alloys show very remarkable behavior in that, if they 
are cooled, their electrical resistance decreases in the usual way but, upon reaching
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a temperature well above absolute zero, they suddenly lose all trace of electrical 
resistance, as shown in Figure 2.2. The materials then pass into the
Figure 2.2 Loss of resistance of a superconductor at low temperatures.
superconducting state. The transformation to the superconducting state may occur 
even if the material is impure. This superconducting state is present only in a 
particular range of temperature, magnetic field strength, and current density. The 
condition for the superconducting state to exist in a material is that some 
combination of temperature, magnetic field strength, and current density be less
11
than certain critical values, as shown in Figure 2.3. The critical values of the field 
strength and temperature are experimentally found to follow the equation:
Hc = HO[1-(TZTC)2] (2.1)
where Hc is the critical field strength at temperature T, Ho is the maximum critical 
field strength at absolute zero, and Tc is the critical temperature.
Figure 2.3 Dependence of the superconducting states on temperature, magnetic 
field, and current density.
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(C) Meissner Effect
Meissner and Ochsenfeld [12] found that, if a superconductor in a magnetic 
field is cooled to a temperature below the transition temperature, then, at the 
transition, the lines of induction B are pushed out as in Figure 2.4. This 
phenomenon is the Meissner effect. Thus a bulk superconductor in an external 
magnetic field, H, shows that as if specimen has B = H + 4rcM = 0 or x = -l/4n, 
where M is magnetization and x is magnetic susceptibility. That is, a 
superconductor exhibits diamagnetism.
Figure 2.4 Meissner effect in a superconducting sphere cooled in a constant 
applied magnetic field.
(D) Type I and Type II Superconductors
Superconductors are classified into two types according to their response to 
an applied magnetic field, as shown in Figure 2.5. Type I superconductors, which 
include most metal superconductors, exclude magnetic flux until a maximum field 
(Hc) is exceeded, at which point the material loses its superconductivity.
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In general, type I superconductors are not technologically important because their 
Hc is very low (0.01 to 0.1 tesla).
(a)
«el *4
Applied magnetic field — 
(b)
Figure 2.5 (a) Magnetization versus applied magnetic field for a type I bulk 
superconductor exhibiting a complete Meissner effect
(b) Magnetization curve of a type II superconductor.
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Virtually all superconductors of technological importance are type II, which 
has two critical fields, Hcj and Hc2- They behave like type I materials at low 
magnetic fields (below Hci). At fields above HC2, the material is driven into its 
normal state. For fields between Hci and Hc2, the magnetic flux is partially 
excluded and the magnetic field penetrates the superconductor, forming a lattice of 
vortices or supercurrent "whirlpools," as in Figure 2.6.
HC|<H<HC2
Figure 2.6 Schematic representation of flux vortices in a type II superconductor.
These vortices repel one another and arrange themeselves in a regular array 
so as to be as far from one another as possible. As the magnetic field is increased 
toward Hc2, more vortices are formed, and lattice spacing is decreased until, at 
Hc2, superconductivity disappears.
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In type II materials, defects play an important role in the flow of current. 
At field strengths above Hcj, magnetic flux penetrates the superconductor in the 
form of flux tubes or filaments. In defect-free materials these filaments are able to 
move easily into the superconductor to take up their equilibrium configuration. 
Removing the field reverses the process, and the filaments move out. However, the 
defects in the material are able to "pin" the flux and prevent or restrict their 
movement. The presence of defects which pin the flux filaments is important 
because they increase the capacity of the superconductor to carry current without 
dissipating power [13]. Defects can be introduced and controlled by standard 
metallurgical processes such as heat-treatment, ageing and sintering.
2.2 Two-Fluid Model of Superconductivity
The two-fluid model describes the superconducting phenomenon based on 
the coexistance of superconducting electrons and normal electrons within a 
superconductor. This model postulates that not all conduction electrons participate 
in superconducting behavior. As a superconductor is cooled below Tc, normal 
electrons condense into superconducting pairs. These pairs consist of electrons 
with opposite spins but equal momenta, this, net momentum and spin of the pan- 
are zero [14]. As the temperature approaches OK, more normal electrons are 
converted into paired electrons. Therefore, the number of unpaired electrons 
diminishes as the temperature decreases. The ratio of normal (nn) and 
superconducting (ns) electrons falls as the temperature decreases below Tc; normal 
electrons disappear at T = 0 while superconducting electrons vanish at T > Tc, as 
shown in Figure 2.7. If the density of superconducting electrons is Hq at OK, the 
density of ns at temperatures below Tc is:
16
ns = n„{l-t4} (2.2)
where t is the reduced temperature defined as t = — [15].
Temperature (K)
Figure 2.7 The number of superconducting electrons (ns) increases below Tc
The total current flowing in the superconductor, according to the two-fluid 
model, is the sum of the normal and superconducting components:
j = js + jn (23)
where Js is superconducting current density and Jn is normal current density.




where E is the electric field and ct is the temperature dependent electrical 
conductivity.
2.3 Electrodynamic Properties of Superconductors
If one considers an electron with mass m and charge e in an applied electric 
field, E, the force is given by
- dv - F = m— = eE. 
dt
(2-5)
Current density J is simply nev, where n is the density of electrons and v .is the 
velocity, so that
dv=J_(4J) = ±g 
dt ne dt m








where A = —y.
ne2
According to this equation, constant currents in superconductors are 
possible when E = 0. By taking the curl of both sides of equation (2.8) and using 
Maxwell's equations, one obtains
VX(A*)=-1? (2-9)
Inside a superconductor, displacement current is negligible in comparison to J, so 
the above equation can be written as
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Vx(A^-) = A(VxVxfi) = -^i (2.10)
which reduces to
AV2H = H (2.11)
After integrating with respect to time, it takes the form
AV2(H-H0) = H-H0 (2.12)
where Ho denotes the field at time t = 0.
Equation (2.12) is a direct consequence of Maxwell's equations and the 
acceleration equation (2.5). The results admit the particular solution H = H0, 
where Ho is an arbitrary field existing at t = 0, but contradicts the Meissner effect 
because there is a residual field inside the superconductor.
Thus, F. and H. London suggested [16] the second London equation of the
form
in which A is defined as:
A = m = 4 ttA2 (2.14)
nse 2
where m is the effective mass [17 ]of the superconducting charge carrier, ns is the 
superconducting electron density, e is the electron charge, and X is a characteristic 
penetration depth. Even after considering the paired charges, m*= 2m, e*= 2e, 
and n = -y-, the value of A does not change. Thus, the London equation may be 
rewritten as




These two equations, which together describe the electrodynamics of the 
supercurrent, are known as the London equations. Equation (2.16) thus effectively 
replaces Ohm's law for superconductors describing the conductive property of a 
superconductor, and equation (2.15) describes diamagnetism. If current density Js 
does not change with time, the field E is required to be zero. Since static 
supercurrents can flow with a zero electric field, the expression properly describes 
the superconducting state.
2.4 Consequences of London's Equations
Consider a superconductor that has dimensions much larger than the 
penetration depth, X, the depth at which the current persists, and that operates at a 
temperature of T « Tc., In this state, a surface alternating electric field, Es, at 
radial frequency co penetrates the conductor but is attenuated exponentially by a
characteristic depth of — :
E = Ese_kz










where n = Jl- 424 
J4 '
Skin depth is a measure of the exponential penetration of plane electromagnetic 
waves into a conductor. Equation (2.20) reduces to [18]
k44j4)2 (2.21)
The above expression can be rewritten using 8l in the following form
k4Ji+<)2 (2.22)
where -~j=- Parameter 8l is not skin depth but a related "small length"
■v2
defined by London [16].
The effects of skin depth limit the flow of electricity to the surface of a 
conductor at a high frequencies. Parameter A performs a similar function to 8 over 
a wide range of frequencies. The effects of A dominates at most frequencies of 
interest; that is, A determines the penetration depth of the electromagnetic fields 
into the material. For a specific superconductor, there is a relatively high 
frequency where skin depth 8 and London penetration depth A will have the same 
value. As the frequency increases above that level, the skin depth will continue to 
decrease while A does not change. Thus, 8 becomes the predominant factor in 
determining electromagnetic penetration and surface resistivity. The relevant 
relationship developed by London is
4=^
<*lJ (2.22)
where a is conductivity and A= m/ne~ has a typical value on the order of 10’31 s^.
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Thus, at frequencies of general interest (co < 1/ctA), the penetration of 
surface currents is controlled by X, which is much smaller than 6l. For high 
frequencies (co > 1/ctA), skin effects gradually begin to dominate over X. For much 
higher (optical) frequencies, the superconductor behaves essentially as a normal 
conductor.
2.5 AC Loss Mechanisms
An understanding of ac loss in high-Tc superconductors is important in the 
design and development of superconducting devices. Superconductors under 
steady dc conditions can be operated without dissipating any power, but there will 
be losses if the current is continually changing. One way to explain these losses is 
that the ac creates an alternating field at the surface of the superconductor, so that 
with high peak currents the material is constantly being driven around its cycle of 
magnetization. The magnetization curves of the superconductors exhibit 
hysteresis, so the energy losses that occur under ac conditions are hysteresis 
losses.
Many experiments have been performed to measure these losses, but there 
has been no detailed explanation of the mechanism involved. Buchhold [19] 
deduced that the losses may be due to field enhancement and the consequent flux 
penetration at surface irregularities. Buchhold and Rhodenizer [20] attempted to 
solve the problem by assuming a field dependence of the London penetration 
depth. In addition to the intrinsic loss due to flux penetration at peaks in the 
surface, flux trapped in a direction perpendicular to the surface can enhance the ac 
loss in superconductors. However, calorimetric loss measurements by Buchhold 
and Molenda [21] and Rocher and Septfonds [22]; and electrical measurements by
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Male [23] show that this is an effect independent of the flux penetration loss. AC 
loss experiments with the external magnetic field parallel to the surface show that 
the loss starts from very small fields [22]. It can be assumed that flux penetration 
begins with a zero field and that there is no discontinuity in the flux density at the
highest peaks in the surface. Flux can enter the peaks at a low field but cannot 
enter the bulk until the external field exceeds the lower critical field, HC|. Thus, it 
is expected that no hysteresis losses should arise if the peak surface field produced 
by the current remains less than this critical field.
The next major problem is to calculate the amount by which the magnetic 
field is enhanced at peaks arising from surface irregularities. This requires a 
solution using the Laplace equation with rather difficult boundary conditions[24]. 
Experiments and calculations on electrical breakdowns show that an electric field 
is enhanced by a factor of 10-100 on very smooth surfaces [25-28]. This value 
may differ depending on the type of surface. In electrical breakdown experiments, 
the electric field is applied perpendicular to the surface, but a magnetic field 
parallel to the surface should be enhanced by a similar amount. The electric field
must be kept below the breakdown value, but, for all practical purposes, the 
external magnetic field will be much greater than the lower critical field, HC(.
Kulik [29] has shown that an ellipsoid with demagnetizing coefficient n enters the 
mixed state at field (1 - n)HCi. A demagnetizing coefficient cannot be assigned to a 
non-ellipsoidal body, in which case only part of the superconductor goes into the 
mixed state while the rest remains in the Meissner state. In particular, fluxons, the 
quanta of magnetic flux, can be expected to enter peaks in the surface of an
essentially flat superconductor at very low fields. As stated earlier, it cannot enter 
the bulk until the external field exceeds HCi. If the field produced by the current
23
exceeds HCi, hysteresis losses appear which at low frequencies are expected to 
increase linearly with frequency.
2.6 Frequency Dependence of Surface Resistance
Helmut Piel [30] suggested the following approach to account for the 
frequency dependence of superconductor surface resistance. Consider the 
alternating magnetic field, Hs, which is parallel to the surface of a superconductor. 
According to the Faraday induction law, the magnitude of induced surface field Es 
is proportional to the product of co and Bs:
E oc ©Bs (2.23)
The electric field generates losses due to the normal electrons that still exist 
above 0°K. The normal conductance associated with these unpaired electrons is 
represented here by oe and is given by
nee2/ 
^e= ——2mv (2.24)o
where ne = density of normal electrons,
/ = mean free path, and 
v0 = mean velocity.
The surface power density (Ps) over an area A for an incremental volume , 
dV, in terms of Es can be expressed as:
as Ec creE2
Ps=-1-L (dV) oc—5-(A 2). (2-25)
The factor "2" is used in the denominator because E and H represent peak values 





Also, Ps can be expressed in terms of surface resistance and surface field Hs by
ps _ RsH; (2.27)
Thus, one can obtain
Rs x cre<y2. (2.28)
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In general, Rs is proportional to a2 for normal conduction and to a3 or a3 for 
cryogenic cavities at sufficiently high frequencies. Superconductors have a 
surface resistance that varies as co^, except for the residual component for T « Tc.
2.7 Optical Properties of High-Tc Superconductors
High-Tc superconductors exhibit anisotropic behavior in the optical 
response as well as in the transport of electric current. The properties of these 
materials are not widely understood because of the complications involving optical 
anisotropy, materials preparation, sensitivities to stoichiometry, and impurity 
concentrations. The difficulties of preparing sufficiently large and uniform high- 
quality single-crystals make spectroscopy work particularly challenging. Infrared 
(IR) spectroscopy of superconductors has received considerable attention because 
the optical response in this spectral region is dominated by the free carriers [31]. 
The situation in the IR can be improved with single crystals of sufficient size and 
homogeneity for spectroscopic measurements. The IR optical responses of the 
basal plane and in the perpendicular direction have been accurately determined by 
reflectometry for YjBa2Cu3O7.g [32-34]. Experimental consistency is achieved 
with single-crystal samples, but interpretations of these data remain controversial.
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The situation in the visible-near-ultraviolet (V-NUV) range is better, partly 
because of the greatly reduced optical anisotropy and the availability of alternative 
measurement techniques. Optical techniques such as spectroellipsometry are 
available to obtain accurate dielectric function data. The dielectric function can be 
accurately simulated by the Drude model [32,33],
Mattis and Bardeen have shown that, when a material is superconducting, 
its optical response is expected to appear at energy <yA = 2A, where 2A is the 
superconducting energy gap [35], The BCS value of 2A is 3.53 KgTc, where Kg 
is Boltzmann's constant. But strong-coupling theories predict values as high as 
11.5 KgTc for the 2A [36], Other theories predict that superconductivity in these 
materials is gapless [37], Consequently, the optical response corresponding to the 
superconducting gap should be found roughly between 100 and 320 cm'l for 
Lai 85Sro.i5Cu04_§ with Tc = 40K, 220 and 735 cm"l for YBa2Cu3O7_§ with 
Tc = 92K, and 300 and 1000 cm"1 for Tl2Sr2Ca2Cu30io with Tc = 125K. Thus, 
a fairly wide spectral range is involved.
Figure 2.8 Reflection of polycrystalline YBa2Cu306 35 with Tc= 89 K in the 
normal (solid line) and superconducting (dashed line) states.
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All presently available data that can estimate the superconducting energy 
gap are in the form of normal incidence reflectance. Data for polycrystalline [38] 
and single-crystal [32] YBa2Cu3O7_§ samples are shown in Figures 2.8 and 2.9, 
respectively. The Drude model is the usual framework to analyze the data, as in 
Figure 2.9. The fundamental response of the material is described by the dielectric 
function, f(<y) = +if2-
The optical response of Figure 2.9 can be described approximately in terms 
of the general expression for the dielectric response of a damped oscillator. The 
detailed mathematical expressions that describe the dielectric response of the 
superconducting state were derived by Mathis and Bardeen [35], In fact, 
reflectance does not provide direct information on the excitations that give rise to 
the optical response. In order to get direct information about conductivity, the 
reflectance data need to be converted to the dielectric constant, e, by means of the 
Kramers-Kronig transform.
2.8 Optoelectronic Properties of Superconductors
Currently, optoelectronics is a developing area of engineering and 
technology where high-temperature superconductors (HTS) may have various 
types of applications. The HTS materials are perovskites whose crystalline 
structure is very similar to several optoelectronic materials. This characteristic can 
be exploited to promote the epitaxial growth of HTS films on electro-optic 
substrates. Perovskites are abundant minerals and, in their ideal form, are cubic 
with a highly symmetrical arrangement of atoms. However, in reality, perovskites 
with lower symmetry structures (e.g., tetragonal, triangular, or orthorhombic) are 
very common. Interestingly, these deviations from the ideal cubic structure of
n
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Figure 2.9 (a) Room temperature reflectance of single crystal YBa2Cu3O7_§ with
Tc = 92K (point), along with a Drude fit (solid line).
(b) Corresponding conductivities calculated from reflectance data via 
a Kramers-Kronig transformation (dashed line) and from the best 
Drude fit to reflectance (solid line).
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perovskites lead to an array of different electrical and/or optical properties [39]. 
The electrical and optical properties of HTS crystals are very sensitive to small 
variations of their crystallographic structure and of their atomic composition in the 
elementary cell.
An ideal bulk superconductor below Tc is a perfect reflector of 
electromagnetic radiation at low-to-moderate frequencies. If the energy associated 
with a particular photon frequency (hv) is greater than the superconductor's energy 
gap, the material will absorb electromagnetic radiation.
Superconducting films have been proposed for the detection of microwave 
and IR radiation. Superconducting photon detectors require less power, respond 
faster, and a have larger bandwidth (extending to long-wave IR) than conventional 
detectors. The sensitivity of conventional superconductor detectors extends to 
wavelengths of several hundred pm; however, typical semiconductor detectors can 
be used at a maximum wavelength of 20 pm.
Detection mechanisms are classified as thermal (i.e., bolometric) or 
nonthermal. In the thermal case, the temperature of the sensor is increased by the 
absorption of radiation. The nonthermal mechanism depends on the creation of 
quasi-particle pairs, which is induced by the incident photon. In this case, Rose et 
al. [40] have shown that the mechanisms depend on the non-linearity of the 
voltage-current characteristic of the film.
Optoelectronic devices require that the films be fabricated on compatible 
electro-optical materials. Generally, the high-speed analog application (including 
optoelectronics) of HTS films calls for high quality dielectric substrates. Substrate 
materials can be selected on the basis of the crystalline structure quality of the
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deposited film. A. Hohler et al. [41] and S.G. Lee et al. [42] have succeeded in 
fabricating good, nearly epitaxial films on LiNbOj. This may stimulate the 
progress in developing hybrid HTS/LiNbC>3 optoelectronic devices.
Nonlinear optical materials are esssential for optoelectronic applications. 
Below the transition temperature, HTS materials are not likely to display useful 
nonlinear optical properties since the electromagnetic field cannot penetrate the 
volume of the superconductor. However, several different groups [43-47] have 
shown that, above the critical temperature and/or in die oxygen-depleted HTS 
phase, 123 superconductors show an interesting photovoltaic effect. This effect 
implies that HTS films could have electro-optic properties.
CHAPTER III
STATEMENT OF THE PROBLEM
The primary objective of this study was to develop an experimental 
technique to measure ac loss in high-Tc superconductors. In addition, a 
secondery objective was to investigate the effect of electromagnetic radiation 
on ac losses.
The specific tasks of this investigation were the following:
(i) To prepare polycrystalline YiBa2Cu3O7_g;Ag sample by the
solid state reaction technique.
(ii) To develop a simple experimental technique to measure ac loss.
(iii) To assess the effect of electromagnetic radiation on the ac loss
measurement.





4.1 Superconducting Specimen Preparation
The superconducting specimen, YjBa2Cu3O7_x:Ag, was prepared 
using the solid state reaction technique. This technique involves mixing of 
yttrium oxide (Y2O3), barium carbonate (BaCC>3), copper oxide (CuO), and 
silver (Ag) powder followed by several high temperature heat treatments. The 
heat treatments thermally accelerate the reaction between the component 
oxides and enhance the formation of superconducting phase. The 
superconducting sample thus prepared was ground to a powder (sieved at 75 
microns) and mixed with silver powder (1-3 micron size). Calculated amounts 
of both powders were ground in an agate mortar until a uniform consistency 
was obtained. The sample was pressed into a 3/4 inch diameter pellet, placed 
in a small alumina crucible, and encapsulated in quartz. The quartz capsule 
was heated for 50 hours at 1000°C and allowed to cool slowly to about 375°C 
at a rate of l°/min within the furnace. After the heating cycle was completed, 
the pellet was removed from the capsule, and the Meissner effect was 
measured by the magnetic pendulum method [48], The deflection was found 
to be around 4.16 mm. Next, the 123 :Ag pellet was ground into a powder and 
pressed into three new pellets with a 3/4 inch diameter and a weight of about 3 
grams. The pellets were sintered simultaneously for 15 hours at 915°C and
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were cooled for 8 hours to about 200°C. A constant flow of oxygen was 
maintained inside the furnace at a rate of 10 cubic feet per hour (c.f.h.) during 
the heating and cooling periods. The purpose of sintering and cooling the 
material in an oxygen atmosphere was to control the crystal structure of the 
material. After sintering, the pellets were evaluated using the magnetic 
pendulum. The pellet with the largest deflection was tested for current density 
and critical temperature. The results are shown in Table 1.
Table 1
Results of Encapsulation and Sintering
Pellet
No.
silver (%) Deflection(mm) Jc(A/cm2) TC(°K)
1 20 4.21 125.8 76.5
2 20 6.04 128.5 77.2
3 20 5.97 130.2 79.0
Additional encapsulations were made by adding 20% of the silver to 
the 123 :Ag at different atmospheric pressures. The results are tabulated in 
Table 2. Samples E-3 through E-6 were heated at 1000°C for 50 hours and 
allowed to cool slowly to about 350°C at a rate of l°/min within the furnace. 
After cooling, the pellets were removed from the capsules and measured for 
deflection using the magnetic pendulum. The pellets were then ground and 
sintered at 915°C and cooled for 8 hours to 200°C. The oxygen flow was 
maintained within the furnace at 10 c.f.h. during the heating and cooling 
periods. All samples exhibited the Meissner effect when cooled to liquid
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nitrogen temperature. The sintered samples, E-3 to E-6, were measured for 
current density and transition temperature. The results are tabulated in Table 
2.
Table 2

















E-3 1 2.49 6.21 71 85
E-4 2 1.51 6.58 132 87
E-5 3 4.02 4.20 180 90.1
E-6 4 1.62 5.83 125 88.5
4.2 AC Loss Measurement
Figure 4.1 shows a schematic of the ac loss measurement 
experimental setup. This technique employs a specimen with four-point 
contacts, as shown in Figure 4.2. A rectangular bar was cut from the E-5 
sample and indium contacts were applied. An ac current of varying frequency 
f, which was produced by a sine wave generator, was allowed to flow through 
the two external leads of the specimen. An EG&G PARC Model 5209 lock-in 
amplifier was used to measure the alternating current losses in the 
superconductor. A Realistic Model QA-622 stereo amplifier was used to keep
Figure 4.1 Schematic of the ac Lose Measurement Setup
Direction of Current Flow
Figure 4.2 Diagram of the Four Point Probe Technique.
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the current constant throughout the experiment. A non-inductive load 
resistance of 8.246 ohms was used as the output load; the purpose of the load 
resistance was to stabilize the flow of current. If the current source were 
attached directly across the sample, the noise level would be significant and 
the current would not be constant.
The sample was placed in a sample holder with good thermal 
insulating properties. Electrical connections were made by soldering one end 
of a thin silver wire to the indium paste and the other end to a thick silver 
wire. To avoid any chance of damaging the sample, a low melting point Ag- 
Pb-Sn solder was used.
In the first phase of the experiment, an ac current of 107 mA was 
passed through the outer two leads of the sample. To maintain this current, a 
peak-to-peak voltage of 2.5 V was kept constant during the measurement. A 
Philips Model PM-3232 oscilloscope was used to observe this voltage 
waveform. While keeping the current constant, the frequency of the signal 
was varied and the voltage drop, Vs, across the inner two leads was measured 
using the lock-in amplifier. The phase difference, <J>, between the current and 
the voltage was also measured. The impedance, Z, is equal to the ratio of Vs 
to Inns- The measured impedance, Z, is comprised of a resistive component, I 
Z lcos<J), and a reactive component, IZI sin<t>. The power loss originated with 
the resistive component and was calculated from the expression P^-j-mgR. 
The ac loss data presented in this study was obtained by dividing the power 
loss by the cross sectional area of the specimen.
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4.3 Effect of Electromagnetic Radiation
4.3.1 Effect of ambient illumination and HeNe laser
Another set of experiments were performed to investigate the effect 
of electromagnetic radiation on ac losses. The specimen was isolated from 
ambient illumination by covering the sample holder with a black box, and 
measurements were made as before. Subsequently, another experiment was 
performed in which the specimen was exposed to ambient illumination in 
addition to being illuminated with a 3 mW HeNe laser at a wavelength of
632.8 nm.
4.3.2 100 Hz ac Losses with Various ac Currents
In the second phase, another set of experiments were conducted to 
observe the relationship between current and ac losses. To measure ac losses, 
the frequency of the ac signal was kept constant at 100 Hz and the ac current 
was varied from 64 mA to 171 mA by changing the oscillation level of the 
lock-in amplifier. In addition, a voltage-current (V-I) relationship was 
obtained for the superconducting sample. The ac loss was calculated for 
different voltage and current values at 100 Hz. The sample was additionally 
irradiated with a HeNe laser to observe the effect of electromagnetic radiation 
on ac loss of the superconductor.
38
4.3.3 Effect of Laser Intensity on ac Losses
A set of experiments were performed using a Spectra-Physics Model 
166 Argon-ion laser. The schematic of the set-up is shown in Figure 4.3. This 
laser operates in a continuous (CW) mode and has two strong transition lines, 
488 nm and 514.5 nm. The Green line (514.5 nm) was used to illuminate the 
sample. In this experiment, a rectangular bar was cut from the silver doped 
123 (E-4R) sample. While the sample was being mounted, a mechanical 
shutter was used to block the laser beam. Mirrors Ml and M2 were used to 
focus the beam on the center of the sample. A Newport Research Model 815 
power meter recorded the power of the beam and a Newport Model 150 
Neutral density filter (NDF) varied the intensity of the laser output; the NDF 
could attenuate the beam by almost 95%. The beam diameter was measured 
and the intensity was calculated. Eight different sets of measurements were 
conducted with various intensities for the ac frequencies of 1 KHz, 5 KHz, 
and 10 KHz. The ac loss was calculated in each case. All the measurements 







Figure 4.3 Experimental Setup to Measure the Intensity 
Dependence of ac Loss.
CHAPTER V
RESULTS AND DISCUSSION
5.1 AC Losses in High-Tc Superconductors
The nonresistive transmission of electricity below the critical 
temperature (Tc), critical current (Jc), and critical magnetic field (Hc) is 
limited to only dc currents. The temperature-dependent resistive loss of ac 
currents below these critical points is a well-documented characteristic of 
superconductors. There are numerous factors that are known to affect ac 
resistivity. These factors include the presence of normal electrons below 
the critical points; the motion of fluxoids in type II superconductors; eddy 
current losses due to cladding materials, and temperature; and the 
microstructure of the superconducting materials. In effect, ac losses can be 
classified in two broad categories: (1) intrinsic losses which arise due to the 
electronic state or order of the materials and (2) extrinsic losses [49-51] 
arising from factors such as in the microstructure, cladding, etc., that 
originate from the processing of the material. Both types of losses are 
important to the development of high temperature superconducting 
materials for applications such as power transmission, motors, generators, 
and other power equipment.
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Intrinsic ac loss is generally explained on the basis of the two fluid 
model originally proposed by Gorier and Casmir [52]. The model 
postulates the existence of two kinds of electrons—superelectrons, or 
superconducting electrons (ns), and normal (nn) electrons—below the 
critical temperature. Superelectrons are able to pass through the material 
without resistance, not encountering any collisions. But, normal electrons 
can be scattered; thus, like conduction electrons in a normal metal, they 
experience resistance. The fraction of superelectrons, ns, increases as the 
temperature is lowered below the critical temperature and approaches unity 
at absolute zero. As the temperature increases, a few superelectrons begin 
to behave as normal electrons; upon further raising the temperature, the 
proportion of normal electrons increases. These normal electrons, nn, are 
believed to interact with the ac field and lattice, giving rise to ac resistivity 
and power loss. Intrinsic ac loss is temperature dependent and is explained 
by using an assumption of the two fluid model; that is, since the number of 
normal electrons is larger near the Tc, higher ac losses occur around this 
critical point as compared to a temperature near absolute zero.
The experimental technique to measure ac loss was discussed in the 
previous chapter. As mentioned earlier, an ac current, Ims, °f varying 
frequency was allowed to flow through the two external leads of the 
specimen. The voltage drop across the two inner leads and the phase 
difference between the current and the voltage were also measured. Thus, 
the value of the impedance was obtained by taking the ratio of voltage to ac
current.
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The impedance, measured in mQ as a function of frequency, is 
shown in Figure 5.1. It is noted that, as frequency f increases, the 
impedance, z, increases linearly over the entire frequency range of the 
measurement. A regression analysis revealed that the impedance, z, is 
related to frequency as expressed by equation (5.1) with a correlation 
coefficient of r = 1.000
z = 5.51f (5.1)
Impedance is comprised of both resistive and reactive components. 
The resistive loss was calculated using the impedance and phase angle data. 
After dividing the resistive loss by the cross-sectional area of the specimen, 
the ac loss, expressed in pw cm-2, is measured at 77.2 K; this is represented 
by the open triangles Figure 5.2. The ac loss, P, shows a nonlinear 
frequency dependence. Analytically, the relationship between ac loss and 
frequency is expressed by equation (5.2):
P = 2.85f + 3.63f2 (5.2)
The ac loss behavior is consistent with the data reported in the 
literature concerning Bi2Ca2Sr2Cu30io tapes by Orehotsky et al. [51]. 
The frequency dependent loss may be rationalized with the two fluid 
model. It is also believed that the normal electrons in alternating fields 
collide with the lattice, giving rise to resistivity and resulting in ac losses. 
Besides the two fluid model, one could explain the ac loss in the way that 
the current is changing, an electric field must be developed to accelerate the 
electrons and because of electrons' inertial mass, the supercurrent does not 
rise instantaneously but only at the rate at which the electrons accelerate in
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Figure 5.1 Impedance of a YiBa2Cu3O7_§ Ag superconductor at 77.2K as
a function of frequency.
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Figure 5.2 AC loss of Y,Ba2Cu3O7.£ Ag superconductors; ♦ exposed to HeNe, 
A ambient illumination, O isolated.
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the electric field [11], It is thus believed that the supercurrent lags behind 
the electric field because of the inertia of the superelectrons in the 
alternating field. Since, in this case, the field is not constant, some of the 
current will be carried by the normal electrons and introduce resistance.
5.2 Effect of Electromagnetic Radiation on ac Losses
The interaction of electromagnetic radiation with superconductors 
has received considerable attention since the discovery of superconductivity 
[53,54], At very low frequencies (far IR), superconductors are highly 
reflective. However, as the frequency increases and the energy of the 
electromagnetic radiation becomes comparable to the gap in the energy 
spectrum or to the energy of the Cooper pair, an interaction starts and the 
superconductors begin to absorb the incident electromagnetic radiation. 
The phenomenon allows one to determine the energy of the Cooper pair by 
using optical spectroscopy techniques. The interaction also leads to the de­
pairing of superconducting electrons and, thus, to the generation of normal 
electrons sometimes referred to as quasi-particles. The energy of visible 
optical radiation (=2-5 eV) is much higher than the energy of a Cooper 
pair even in high-Tc superconductors (= 10"2 - 10~3 eV). Therefore, visible 
electromagnetic radiation is highly energetic to interact with 
superconductors and to increase the fraction of normal electrons (quasi­
particles). It is these normal electrons that may affect ac losses.
Figure 5.2 also shows the effect of electromagnetic radiation on ac 
losses. When the specimen was isolated from ambient illumination, the ac 
losses, represented by open diamonds in Figure 5.2, decreased over the
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entire frequency range. The best fit of the experimental data is given by 
equation (5.3):
P = 3.O2f+3.15f2 (5-3)
As expected, the coefficients of equations (5.2) and (5.3) are different; 
however, their physical interpretation is not quite clear at the present time. 
The differences in the ac losses of the specimen when isolated or exposed 
to ambient illumination appear to have increased with frequency. Thus, 
another experiment was performed to determine the effect of 
electromagnetic radiation on ac losses. In this experiment, the specimen 
exposed to ambient illumination was additionally irradiated with a 3 mW 
HeNe laser. Again, in this case, the ac losses increased as compared to the 
specimen illuminated by ambient light, as shown by the solid diamonds in 
Figure 5.2. However, the difference in ac loss as a function of frequency 
between these two seems to be smaller. An analytical expression for this 
effect is given by
P = 3.96f + 3.50f2 (5.4)
Several different groups [55,56] have measured the ac losses in type II 
superconductors, and their results at low frequencies are of the form
P = af+bf2 (5.5)
Equations (5.2) - (5.4) are very much consistent with equation (5.5). At 
very low frequencies, ac losses increase linearly with frequency, and, with 
the increase of frequency, ac losses increase in a non-linear fashion. At low 
frequencies, losses are attributed to flux creep and hysteresis, and, in the
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intermediate frequency range (> 500 Hz upto a few MHz), the losses in 
superconductors are due largely to the hysteretic motion of vortices through 
the material. In fact, hysteresis losses are expected to be more dominant in 
the ac loss mechanism. These losses originate because of the irreversible 
magnetization of superconductors and are strongly dependent on the 
maximum amplitude of ac fields and currents relative to the critical values. 
The design of ac power systems employing superconductors is influenced 
greatly by these considerations. It can also be argued that the two most 
important factors determining ac losses in superconductors are the surface 
conditions and the bulk pinning force. To further explain ac loss in 
superconductors, theoretical studies related to the ac loss mechanism need 
to be developed. The BCS theory explains how superconductivity works 
but it does not discuss the mechanism of ac loss. Also, the review of 
literature does not provide enough information to explain ac loss in depth.
The I-V characteristics of the sample measured at a frequency of 100 
Hz at 77.2 K are shown in Figure 5.3. The I-V curve obeys Ohm's law; that 
is, with an increase of current, the voltage across the sample increases 
linearly. This result is quite consistent with the measurement made by S. 
Kagoshima et al. [57], whose results also indicate a similar shape of the I-V 
curve and suggest that temperature is the predominant factor determining 
shape. It is expected that the segments in a superconducting state 
connected serially to a normal state turn into normal states under an 
increasing current. As a result, the overall resistance of the sample, as well 
as its ac losses, are increased.
Figure 5.4 shows the ac loss at 100 Hz as a function of the ac current









Figure 5.3 I-V Characteristics of Y jBa2Cu3O7_g :Ag superconductor at a 
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Figure 5.4 AC losses in Y^a^CujO^g Ag superconductor at 100 Hz; ♦ ambient 
iiinmirmrirm B ambient plus He-Nc iUumination.
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linear relationship with current. Irradiating the specimen with the HeNe 
laser again increased the magnitude of the ac loss, and the two curves of 
Figure 5.4 are virtually parallel.
The effect of electromagnetic radiation on ac losses is believed to be 
related to the generation of additional charge carriers. It was stated earlier 
that the energy of superconducting electron pairs (10"2 - 10'3 eV) is much 
lower than that of ambient light (2 -5 eV) and of HeNe lasers (= 1.96 eV). 
These highly energetic radiation sources break the superconducting pairs 
into normal charge carriers which then interact with the alternating field 
and the lattice, giving rise to an enhanced ac loss.
It is expected that ac loss will be dependent upon temperature and 
intensity as well as upon the frequency of electromagnetic radiation. Thus, 
an additional experiment was performed to assess the intensity dependence 
of ac loss in superconductors.
5.3 Intensity Dependence of ac Loss
The effect of electromagnetic radiation on ac losses in high-Tc 
superconductors, as reported earlier [58], prompted a further investigation 
of the intensity dependence of ac loss. By varying the power of an Argon- 
ion laser from 10 mW to 500 mW, ac losses at three different frequencies 
were measured, and the results are shown in Figure 5.5. Equations (5.6)- 
(5.8) represent the power dependence of ac losses at frequencies 1 KHz, 5 
KHz, and 10 KHz (by solid squares, open diamonds and solid diamonds, 
respectively):
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Ej = 316.743 + 0.0085 Po 
E5 = 339.462 + 0.0083 Po 




where Po is the output power of the Argon-ion laser.
After measuring the beam diameters, the intensity dependence of ac 
loss was plotted with error bars, as is shown in Figure 5.6. Three different 
equations with frequencies 1 KHz, 5 KHz, and 10 KHz, representing the 
best fit of the experimental data, are respectively presented by equations
(5.9)-(5.11).
Wj =316.487 + 0.3361 
W5 = 339.182+ 0.333 I 




where I is the corresponding intensity of laser radiation. In this case, ac 
loss at a frequency of 1 KHz, 5 KHz, and 10 KHz are respectively 
represented by open squares, solid triangles and open triangles. The ac loss 
at zero power and/or zero intensity implies that the specimen was isolated 
from laser radiation but illuminated by ambient light. From Figures (5.5) 
and (5.6), it is clear that ac loss due to ambient illumination is less compare 
to laser radiation, which is consistent with the results reported earlier.
AC losses in superconductors increase linearly with the intensity of 
laser radiation at the three different frequencies. The intercepts and the 







Figure 5.5 Variation of ac loss of Y iBa2Cu3O7_g:Ag superconductor with 










Figure 5.6 Effect of intensity of laser radiation on ac losses of 
YiBa2Cu3C>7_5:Ag superconductor.
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that ac loss is frequency dependent, which is consistent with the data 
reported earlier. The slopes of the above equations decrease as frequency 
increases, indicating that, with the unit increment of laser power, there will 
be a smaller increase in ac loss at higher frequencies. Thus, from this 
result, it will be very reasonable to accept that, at higher frequencies, ac 
loss will be almost independent of laser radiation.
The enhanced ac loss in superconductors could be due to either the 
thermal (bolometric) or non-thermal responses of the specimen to the 
intensity of laser radiation. In the present investigation, the specimen was 
irradiated at a temperature less than the Tc; the non-thermal response 
appears to be the major factor to increase the impedance and, as a result, an 
increase in ac losses. It is expected that the superconducting pairs will be 
destroyed by the injection of photons and that the number of normal 
electrons (quasi-particles) will increase as a result. The origin of quasi­
particles can be explained within the two fluid model, where the 
conductivity, a, is written as
CT = Nnan + NsCTs (5.12)
where Nn and Ns are the relative densities of the normal and the 
superconducting electrons and an and as are their respective conductivities. 
Thus, the generation of quasi-particles, Nn, increases at the expense of Ns 
due to the intensity of laser radiation.
In order to explain the data, the number of quasi-particles 
corresponding to different input power levels of an Argon-ion laser was 
calculated. The maximum number of quasi-particles that can be created as a
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result of a single photon absorption is roughly g = , where hv is the
energy of a single photon and 2A(0) is the energy gap in a superconductor. 
Following Friedl et al. [59], the value for 2A(0) « 5KgTc and, for an 
Argon-ion laser (X = 514.5 nm), is 2/jv=4.83; the estimated number of 
quasi-particles due to a single photon absorption is - 120. Thus, the total 
number of photons for different input power levels was calculated using N 
= Po / hv, where Po is the output power of the laser. It is believed that these 
photons are responsible for generating quasi-particles in superconductors. 
Figure 5.7 shows that the number of quasi-particles increases linearly as 













Figure 5.7 Quasi-particle generation due to the intensity of laser radiation.
CHAPTER VI
SUMMARY AND CONCLUSIONS
A simple experimental technique was developed to measure ac 
losses in high-Tc superconductors. The system is comprised of a lock-in 
amplifier, an oscilloscope, and a stereo amplifier. In order to determine the 
voltage drop across the sample, the amplifier provided an alternating 
current through the sample. The lock-in amplifier served to measure the 
voltage drop and the phase difference between current and voltage and also 
altered the frequency of the ac current. It was found that impedance 
increases linearly with the frequency of ac current. The resistive 
component, which is the real part of the impedance, was calculated to 
obtain the dissipative power of the specimen. Thus, ac loss was determined 
by dividing the dissipative power by the specimen cross sectional area. 
This ac loss increased in a non-linear manner with frequency.
The effect of electromagnetic radiation on ac losses was observed by 
isolating the specimen from ambient light. To confirm this effect, an 
experiment was performed in which the specimen was irradiated with a 
HeNe laser. In the former case, ac losses were found to be lower as 
compared to ambient illumination over the entire frequency range. The 
results were explained according to the two fluid model of 
superconductivity. The number of normal electrons increases at the 
expense of the superconducting electrons; as a result, ac losses were found
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to increase. A current-voltage relationship of the superconducting specimen 
was established by varying the current and measuring the resulting voltage 
drop at a frequency of 100 Hz. The voltage drop varied linearly with the ac 
current. The ac losses were also measured at a frequency of 100 Hz with 
varying currents both with ambient light and with HeNe laser illumination. 
In this case, it was found that ac loss increased due to HeNe laser 
illumination.
Subsequently, another experiment was performed to investigate the 
effect of laser intensity on ac losses in superconductors. An Argon-ion 
laser with a wavelength of 514.5 nm and varied intensities was used to 
irradiate the specimen, ac loss was found to increase with the intensity of 
laser radiation. It was determined that, in the superconducting state, quasi- 
particles were generated due to the absorption of photons and, as a result, 
ac losses increased.
Although superconductors do not exhibit zero resistivity to 
alternating currents, they do have a much lower ac resistance below Tc than 
above and their impedance increases with frequency. This increase in ac 
loss is proportional to the square of the frequency. In this case, a 
comparison of the experimental data with the literature was in good 
agreement. But a review of the literature has shown that the theoretical 
information regarding ac loss is inadequate to explain the ac loss 
mechanism.
Thus, the above discussion can be summarized in the way that this 
investigation has developed and demonstrated (a) a relatively simple 
technique to measure ac losses in superconductors, (b) to measure the
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current-voltage relationship of a superconductor, (c) to determine the effect 
of electromagnetic radiation on ac losses, and (d) to study the intensity 
dependence of ac loss in superconductors.
CHAPTER VII
RECOMMENDATIONS FOR FUTURE WORK
Based on the work performed in this thesis, a number of future 
studies can be recommended. Some measurement techniques can also be 
modified and implemented to improve upon the existing data.
One problem encountered in the measurement of ac loss at high 
frequencies was the unavailability of proper equipment. It would be 
interesting to measure ac loss at a microwave or higher frequency range 
since superconductors have the potential to be used as microwave and IR 
detectors. To implement this measurement, a lock-in amplifier workable at 
this frequency region should be used. Also, a GHz impedance analyzer 
could be employed to perform this experiment. Another drawback to the 
existing experimental setup is the stereo amplifier; the present amplifier 
does not maintain the current at a constant high frequency. The waveform, 
as observed by the oscilloscope, was distorted at freqencies above 40 KHz, 
which is the result of the ac current variation caused by the amplifier. 
Thus, one can improve the present ac loss measurement setup by using a 
better lock-in amplifier and stereo amplifier.
Currently, samples are prepared for ac loss measurement by cooling 
them to liquid nitrogen temperature in a simple styrofoam sample holder. 
To maintain a constant level of liquid nitrogen, one must intermittently add
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liquid nitrogen. It is possible to redesign the cooling system in order to 
ensure a constant level of liquid nitrogen. In addition, it would be 
interesting to further investigate the effect of electromagnetic radiation on 
ac losses in superconductors while keeping a constant level of liquid 
nitrogen in order to obtain more accurate data. Adding a cryostat and a 
temperature controller would minimize the sources of error and give 
flexibility to measuring the temperature dependence of ac loss.
Other high temperature superconducting materials such as 
Tl2Ba2CajCu2O8 and BiS^CajC^Og+g should be fabricated and
prepared for ac loss measurement. A single crystal of silver doped and 
sodium doped Y iBa2Cu3O7_§ could also be used for investigation.
One could also measure relaxation time, which is the time for 
recombination of quasi-particles to form Cooper pairs. The work of this 
thesis demonstrates that the intensity of laser radiation can enhance ac loss 
and introduce a resistive state in superconductors. The superconducting 
state is restored by isolating the specimen from the electromagnetic 
radiation. Thus, by using a laser, superconducting films could be used as 
an optical switch.
APPENDIX-A
Flux Creep and Flux Pinning
The large relaxation effect that causes a decay of magnetization and of the 
persistent current is called flux creep. It is a thermally activated process which is 
mainly due to a combination of low pinning potentials and of a temperature 
relatively higher (i.e. 77K) than that at which these materials are intended to be 
used. Stated in simple terms, the creep is the result of the jumping of trapped-flux 
lines from one pinning region to another. Researchers have found flux creep in 
various high-Tc ceramic superconductors (HTS) to be a major challenge since 
their coherence lengths are extremely small, with values on the order of 10A; as a 
result, flux vortex migration can easily take place. In principle, the creep rate can 
be decreased by increasing the pinning potential. Even though the origin of 
pinning in HTCS is still the subject of considerable discussion, the main pinning 
mechanisms are being recognized as intrinsic pinning [60], pinning by extended 
defects such as intergrowths and boundaries [61], pinning by second phase 
inclusions [62], or pinning by point or columnar defects [63,64]. Neutron 
irradiated 123 single crystals have produced Jc values on the order of 6 x 10^ 
A/cm^, an improvement of almost two orders of magnitude over un-irradiated 
crystals. This remarkable development is believed to be caused by inducing point 
defects with sizes equal to the coherence length. In a thin film of 123 material, the 
natural existence of numerous screw dislocations and columnar holes is believed
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to be responsible for providing effective pinning sites. The achievement of a high- 
Jc in single crystals indicates that it is possible to increase the Jc values in bulk or 
tape polycrystalline 123 materials by eliminating all the weak links and cracks; and 
by aligning the crystals. In other words, processing techniques should be 
optimized to produce the necessary concentration of flux pinning centers while 
eliminating weak link features. The use of HTSC materials for large-scale 
applications requiring high-Jc values will become possible only upon adopting 
high quality monolith or tape materials in place of the millimeter size single 
crystals. Since irradiation methods are not accessible to the manufacturing 
process, the development of processing methods to produce usefully shaped 123 
material with the appropriate pinning sites is very important.
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